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1.0 INTRODUCTION

The United States Navy has long been aware of the
need to seek alternatives to the use of relatively high cost
fuel o0il and natural gas for generating steam and power for
its shore establishment. Directions that such efforts have

taken include conversion to coal as the primary fuel (see

References l-6) and extensive conservation efforts with
significant emphasis on cogeneration (see References 3, 7

-——

and 8). The purpose of this Energy Showcase Project, funded
by NAVFAC and the Department of Energy, is to determine a
most suitable type of cogeneration system for implementation
and installation at the Sewells Point Naval Complex (SPNC),

Norfolk, Virginia.

A cogeneration facility, in general terms, may be defined as
one which produces, from one fuel, electric energy and steam
or other forms of thermal energy which are used for heating
or cooling purposes. Thus these plants simultaneously
produce two forms of useful energy: electricity and heat.
When properly designed, they use less fuel than would be
needed ﬁo produce the power and heat seéparately. Factors
that must be considered in evaluating cogeneration plants
include electric and steam demands and their coincidence;
space requirements; pollution control; labor for operating
and maintenance; reliability; and capital, operating and
labor costs. The foregoing factors include those that are
generic and those that are site specific. The determination
of a suitable optimum system requires a careful evaluation
of all these factors coupled to a life cycle cost analysis.

i Cogeneration systems generally take two forms: selective
i energy or total energy. In the former, the cogeneration
plant operates in parallel with the utility and provides
4 only part of the power requirements and perhaps only part of
the thermal energy. 1In the total energy system, the cogenera-
‘ tion plant provides all of the energy requirements of the

.
i
’
]
N
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facility and is independent of the local utility. The
energy production in either case may be derived either
through a topping cycle facility in which the fuel energy
input to the plant is first used to produce useful power
output and the rejected heat from power production is then
used to provide the thermal energy, or through a bottoming-
cycle facility in which the fuel energy input to the system
is first applied to a useful thermal energy process with the
reject heat energy therefrom used for power production.
Combinations of these cycles are also possible.

The focus for SPNC is on coal gasification/ combined cycle
power plants. For comparison purposes, we also address a
conventional coal-fired electric and steam power plant.

This report contains the variety of elements needed to make
this assessment. In Section 2.0, we provide a complete
overview of coal gasification technology focusing our attention
on currently available technology. Section 3.0 presents the
study of combined cycle. thermodynamics using loads representa-
tive of those at Sewells Point. In Section 4.0, environmental
controls for the gasification/combined cycle are discussed.
Section 5.0 presents the conventional coal-fired electric

and steam power plant. The cooperation and interest of the
local utility, Virginia Electric Power Company (VEPCO), is
vital to schemes such as those under consideration here;
results from interviews with VEPCO are in Section 6.0.

Section 7.0 sets forth site considerations. 1In Section 8.0
will be found a life cycle cost analysis and a life cycle
energy benefit analysis for each of the preferred alternative
cogeneration candidates. Note that we provide separately
bound Executive Summary and Appendices for this report.
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The remainder of this section provides a status report on

the facility, an analysis of the existing systems, a detailed
discussion of the loads, both current and projected, and a
brief look at coal availability.

1.1 SPNC Facility Status

The central power plant for SPNC is located in
Building P1l, Exhibit 1-1. At present, steam is generated by
seven o0il fired boilers and is used to generate some electri-
city (for peak shaving purposes) but primarily to provide
steam services for pier cold iron, base industrial processes
and building heating.

A summary of the condition, rating and firing capability of
each boiler in Pl is shown in Table l-1. There are 7 boilers
in service at the present time. The eighth boiler, capable
of firing pulverized coal and No. 6 o0il, has been installed
but not commissioned as yet. Aside from this new boiler the
facility is old by industrial standards.

Boilers designated 55, 56 and 57 are oil-fired (No. 6 oil).
These boilers are 75,000 lb/hr capacity each and cannot be
converted to coal.

Boilers designated 59, 60, 61 and 62 are of somewhat larger
capacity. The first three have 100,000 1lb/hr capacity; No.
62 has a firing rate of 115,000 lb/hxr. These 4 boilers burn
No. 6 oil at present, but are capable of firing coal as
well. There is a plan to retube the high pressure boilers
in the near future, and possibly the air preheaters as well.

Vanadium deposit on boiler tubes has been a persistent
problem in the plant. Uncontrolled emission of V205 has

POPE, EVANES AND ROBBINS
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also been causing ecological problems. However, plant
management is planning to feed MgO in the near future to
control this phenomenon arising from burning No. 6 fuel oil.

When the eighth boiler comes on line, total capacity at Pl
will be 840,000 lb/hr. Firm capacity with the largest
boiler out of service will be the same as the current total
capacity: 640,000 lb/hr.

Another boiler plant is located near the waterfront. It
consumes the waste products of the activity and produces
steam from the heat generated by incineration. Two other
existing plants are used as peaking units during winter.
Data relevant to these other facilities is in Table 1-2.
While these plants are not directly involved in the potential
coal conversion/coal gasification, their capacities and
loads are important for a total perspective of the SPNC
facilities. Thus in the load management to be discussed
later, this total capacity of 410,000 lb/hr will be part of
the system outputs and demands.

Since four of the boilers in Pl and the new one are capable

of burning coal and since much of the original coal handling
equipment has been retained and maintained, a project for
SPNC, P-985, has been developed to reconvert those boilers

to pulverized coal firing. While we will offer a considerable
discussion of the project in later sections of this report,

in this facility status discussion report it is pertinent to
describe it briefly here.*

*It should be noted that as of July 1981 this project was
deprogrammed. This effect on the economics of the cycles
considered here will be seen later in Section 8.0.
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This project will construct new cocal storage silos to provide
the minimum capacity to supply Steam Plant Pl requirements
for about 30 days or 20% of the total fuel consumption for a
year, whichever is greater, in compliance with criteria of
DM-3. Replacement of railway delivery trackage and coal
unloading equipment will be included. In addition, the ash
disposal handling system will be reworked and/or replaced as
required. Flue gas particulate controls are included.
Boilers will be modified as necessary and coal processing
equipment will be replaced. Also boiler stacks will be
raised to eliminate local fumigation problems. Inactive
coal bin will be included. The existing coal storage and
rail delivery system are to be demolished. Cooling towers
will replace the existing spray pond.

To insure environmental compliance, new flue gas particulate
controls will be added to the boilers. To handle coals
currently available, new coal pulverizers will be provided.

Burners will be replaced and boiler breeching will be reworked.

New stacks are required. The existing coal delivery and
storage system will be totally replaced as well as the ash
removal equipment.

Plant Pl has limited power generation equipment. There are
two 4000 kW turbogenerators in the plant which are strictly
used for shaving peak demands from VEPCO.

Turbine No. 1 is under overhaul at this time. Out of 34
gstages, it has already lost 18 due to component failure,
When returned to service with so many missing expansion
stages, the machine will be usable for 1500 kW at the most.
The plant management is thinking of replacing this rotor
with a new one that Allis Chalmers has promised to fabricate
for them.

POPE, EVANS AND ROBBINS




Turbine No. 6 is now in operation, generating around 2500/2700
kW only. This is considered adequate by the plant personnel
for the purpose of peak shaving. This turbine has all the

expansion stages intact.

Condenser tube leakage has been experienced in the past, but
there is no record to establish the mechanics of failure.
Failed tubes have never been subjected to metallurgical
analysis. However, there is no steam/condensate cycle
conditioning and it is conceivable that corrosion by C02,
which is very aggressive in presence of oxygen, might have
taken place. Corrosion by electrolysis was mentioned in
passing, and differential aeration due to living organisms
adhering to tube surfaces is a distinct possibility if there
is algae in the cooling water. A positive residual of
chlorine is ensured at all times in the cooling water to
prevent this.

1.2 Loads At SPNC

It should be emphasized that SPNC is the single
largest U.S. Navy energy consumer in the continental United
States. As a consequence, opportunities for economies of
scale will be present here which may not be duplicated in
any other Naval facility. Indeed, as we will see, the
overall steam and electric requirements are equivalent to
those of a small utility.

To effectively establish complex requirements for the cogenera-
tion schemes, loads were projected to the 1988 time period.
This is the assumed date for any new system -- coal gasifica-
tion/combined cycle or high pressure boiler with steam

turbine -- to go on line.

POPE, EVANS AND ROBBINS
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The steam and electric loads at SPNC were analyzed to deter-
mine their patterns, magnitudes and special characteristics.
After considerations of expected growths and federally
mandated energy conservation measures, the results were
projected to the design year of the proposed cogeneration
project. This yielded load duration curves, monthly loads,
and typical daily loads for the design year. Growth rate
estimates were based upon information provided by the planning
department, on data extracted from the Master Plan for SPNC
and those shown in References 6 and 9.

The elements used for the projections to the 1988 base year
are:

For Steam Demand

) Current annual steam generation is approximately
3.6 x 109 lb/year (based on FY 1979 data).

° Accounting for in-plant steam use for feedwater
heating and auxiliaries and for desuperheating
results in a steam export of 80% of steam generated;
therefore, steam exported in 1979 is roughly 2.9 x
109 lb/year.

] A growth rate in steam requirements of 4% per year
is assumed in accordance with historical data at
SPNC (see Reference 9), with the Master Plan, and
with the projected increases in homeporting acti-
vities.

e Energy conservation is to be implemented in concert
with Executive Order 12003, 20 July 1977, requiring
a 20% reduction in energy use in existing government
facilities by FY 1985 measured from the base yéar
of 1975, some of which has already been accomplished.
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For Electrical Demand

) Current annual electric consumption is approximately
500 x 106 kWh/year (based on FY 1979 data).

' Historic growth rates have been close to 8% per
year (see Reference 9); for purposes of this study
we assume that this has been reduced to 4.5% in
accord with Master Plan analyses.

e Executive Order 12003 likewise applies to the
electric demand.

From these elements, we determine that total steam to be

generated in 1988 will approximate 4.75 x lO9

lbs/year, with
export at 3.8 x 109 lbs/year. Electric requirements will

rise to 600 x 106 kWh/year.

Analyses of UCAR and daily load data coupled to the projections
provide the steam and electrical load duration curves; these
are shown in Exhibits 1-2 and 1-3, respectively. These

curves may be used for purposes of preliminary system selection
and cost analyses. Aside from peak and minimum requirements
shown on the curves, it is useful to define from them base

and intermediate loads. The base load is usually taken as

the load surpassed during 5000 hours while an intermediate

load is surpassed during 2000 hours. We should emphasize

that these load duration curves, taken together, are generally
not useful in correlating coincidence of steam and electric
demands. This is due to the possible time shift between

load requirements: for example, steam demand at night and
electric demand during daytime.

On Exhibit 1-2 steam exported from the main plant, the

salvage plant and the peaking plants are separately identified.
The contribution from the various plants is as follows:
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® Main Plant 80-85% of steam load.
® Salvage Plant 4-12% of steam load.
@ Peaking Plant 8-14% of steam load.

The steam lcad distribution curve is especially useful in

cogeneration studies. A base steam load which occurs essen-
tialiy for the full year offers a first indication of magnitude
on the size of a feasible cogeneration system. It is seen

that a steam load in the range of 270,000 to 290,000 1lb/hr
occurs for approximately the full year.

The electric load duration curve, Exhibit 1-3, establishes

annual electric consumption at approximately 600 x 106 MWh

per year. When an electric load duration curve, as in the
I exhibit, indicates there is a certain electric demand occuring
! throughout the year, another suggestion for magnitude of the
size of a cogeneration system is suggested. Here we see
‘ that an electric load in the range of 50-60 MW occurs for
approximately the full year.

Exhibits 1-4, 1-5 and 1-6 present typical hourly profiles of

daily steam and electric loads for a winter day, a spring

and fall day and a summer day. It is examination of such

hourly profiles which furnishes the most valuable insight in

a study such as this. It is seen that while the magnitude

of the steam load varies with the season, the steam load is

essentially constant over any day. The electric load,

however, shows substantial peaks during daytime. These

' peaks are more pronounced during summer days because of air
conditioning requirements. These daily profiles support the

l conclusion that over the entire year there are coincident
loads in the order of 50-60 MW of electric demand and 270,000
1b/hr of steam demand. These profiles will be used to

l investigate load following requirements for the various
cogeneration systems to be studied.

|

|
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Exhibit 1-7 presents, for general information, the monthly
steam and electric consumptions. These reveal the "mismatch"
to be expected between overall steam and electric demand:
months with high steam requirements have low electric require-

ments and vice versa. Maximum and minimum monthly steam

consumptions are 520 x 10° 1b/hr and 190 x 10° 1b/hr respec-
tively, while those for electric are 62 x 106 kWh and 36 x
106 kWh

Exhibit 1-8 sets forth averaged monthly electric and steam
loads as well as electric peaks. In the usual case, these
types of data are not generally useful because of the possible
non-coincidence of the steam and electric loads. However,
because of the essentially constant nature of the steam load
over a twenty-four hour period, this data will prove useful
for detailed cogeneration system selection and analysis.

This is especially so since there exists a cogeneration rate
schedule from the public utility (see Section 6.0) allowing
for the power purchase from and sale to the utility. The
power to be purchased and/or sold, the capacity and distribu-
tion demand charges can be quickly determined for any number
of possible sizes and steam/electric mixes of cogeneration
system candidates.

Exhibit 1-9 presents steam and electric loads and their
ratios in energy terms. These ratios are also essential
when cogenerating systems are studied: matching of system
outputs to requirements is crucial for economic assessment
(see References 10 and 11 for a complete discussion of this
point). To take full benefit from these systems, therefore,
the ratios featured in this exhibit can be used to choose
and compare cogenerating systems designed to supply the
entire SPNC loads as well as to select their operating
conditions to follow the loads.

POPE, EVANS AND ROBBINS

o VA e (A GPIAGI PRI i oo v VR Puk ey - Wt R g, - 4 m L

e




STEAM REQUIRED (10% LBS)

ELECTRIC REQUIRED (10° kWh)

600

500

400

300

200

100

70

60

50

40

30

20

PROJECTED

r L

1-19

LOADS FOR 1988

{a) STEAM

TOTAL STEAM
EXPORTED

-
J F M A M J J A S N D
(b) ELECTRIC
- L - — ]
r

TOTAL kWh
5 | REQUIRED

L

r——’_"_r_ ‘

POPE, EVANS

MoJ ) A s
MONTHS

AND ROBBINS

- b sy

. EXHIBIT

1-7

[ e




STEAM REQUIRED (103LB/HR)

ELECTRIC REQUIRED (103kW)

| -20

PROJECTED MONTHLY LOADS FOR 1988

(a) STEAM

~
o
o

(=23

Q

Q
T

o,
o
o
L §

»

o

o
L)

w

(@)

(o]
Y

200 |

100

AVERAGE STEAM EXPORTED

MONTHS
160 F
(b) ELECTRIC
140 |
20k AVERAGE kW °
REQUIRED °

MONTHLY
/_PEA KS
L
®
®

MONTHS

POPE. EVANS AND ROBBINS

e e A — P S S - e, P

EXHIBIT |-8

Mde L b

e ——d




I a—

ENERGY REQUIREMENT (10%BTU)

700

600

500

400

300

200

100

|~ 21

STEAM AND ELECTRIC ENERGY PROFILES
PROJECTED TO 1988

ENERGY RATIO (BTUq, /aruEL)

BTU¢y / BTUg,

MONTHS

EXHIBIT 1 -9
POFPE. EVANS AND ROBBINS '

o e e —

e A

[




1-22

1.3 Coal Availability v

To complete this discussion of the facility, an
analysis of coal availability has been made. The Defense
Fuel Supply Center was contacted to provide currenc: data for
Sewells Point. Their response is shown in Table 1-3 which
provides properties and costs for both high and low sulfur
coals. While the properties show some sizable variations,
most of the gasifiers can use an array of coals without
regard to particular values or strict specification. Further
note that the transportation costs for the high sulfur coals
are not shown; they may be estimated from their low sulfur
counterparts and from the current literature.

Based on this data and for the purposes of this study, we
establish here the following generic coals with associated
properties:

Low Sulfur High Sulfur
Cost ($/ton delivered) $ 56 $ 51
Properties
Btu per 1lb (dry) 13,500 - 14,500
Fixed Carbon (%) 45 - 50
Volatile Matter (%) 35 - 40
Ash (%) 3 - 15
Moisture (%) 5 - 7
Sulfur (%) 3.0 - 4.5
AST 2500°F
Hargrove Index 40 - 80
Size As Mined
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2.0 GASIFICATION PROCESSES

The majcr thrust of this study is an investigation
of coal gasification. Further, this is the first Navy site-
specific application of this emerging technology. Therefore,
it seems worthwhile to devote a considerable effort to
exposing the various elements of the coal gasification
process.

Coal gasification is not new, but it is an evolving technology.
Atmospheric pressure gasifiers were constructed and used in
Europe about 1840. Few industrial applications were made
until the 1860's, but by 1880, equipment for cooling and
cleaning the hot raw gas was developed in England so that it
became possible to use the gas in small furnaces and gas
engines. There were about 150 companies in Europe and the
United States building gasification plants in the early
1900's. At that time there were about 500 gas engine instal-
lations in the United States. 1In addition to engines, the
gas was used for heating furnaces and kilns in the steel and
glass industries, in ceramics and lime-burning plants, as
well as in other metallurgical and chemical fields.

In 1921 there were about 11,000 gasifiers in use in the
United States. These gasifiers consumed more than 15 million
tons of coal a year. In the early 1920's competition from
petroleum and natural gas products resulted in a rapid
decline in the number of gasifiers in use; however, in 1948
there were still about 2,000 gasifiers in use. Since 1948,
the number has diminished so that no significant number of

gasifiers are now in use.

However, with the continuing shortage of petroleum and
natural gas and with their escalating costs, renewed interest
in gasification processes has been generatea since the early
1970's. 1In recent years emphasis has been on establishing
and developing commercially available equipment.

POPE, EVANS AND ROBBINSG
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Coal gasification is the broad term used to describe the

conversion of coal to gas. Within the broad spectrum there
is a classification of the product gas in terms of its end
use. This potential market has dgenerally been divided into

three areas:

(i) High-Btu gas - a substitute natural gas with
heating value above 900 Btu/scf,

(ii) Medium-Btu gas ~ a fuel gas with a heating value
between 200 and 400 Btu/scf, requiring oxygen as
the oxidant,

(iii) Low-Btu gas - a fuel gas with a heating value
below 200 Btu/scf, requiring air as the oxidant.

The focus of this study is on low and medium Btu gas processes.
A generic flow diagram exposing the basic process steps is
shown in Exhibit 2-1.

The remainder of this section first provides a general
description of standard gasifier types with comparison
between them. Details of representative and commercially
available systems follow. Finally, for the several manu-~
facturers, comparison of pertinent performance quantities
are provided.

2.1 General Processes

Coal gasification processes are categorized according
to the techniques in which the various reactants -- coal,
steam, oxidant (air or oxygen) ~- contact each other and
according to the movement of the coal itself. 1In general,
we address three types: fixed bed, fluidized bed and entrained
bed. Simplified comparisons of these configurations are
shown in Exhibit 2-2, which should be referred to during the
following discussion, derived from References 1, 2 and 3.
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Consider first the fixed bed process. Because the flow of

coal and residue (ash) is countercurrent to the gasifying

agents and products (principally carbon monoxide and hydrogen),

fixed beds exhibit excellent thermal efficiencies. For
example, the outgoing ash heats the incoming gases, and the
outgoing products heat the incoming coal. Moreover, the
long residence times of coal particles moving through the
bed allow high carbon conversion efficiencies.

Within a fixed bed are various zones of progressively higher
temperatures to which the incoming coal is subjected. These
zones are:

® Drying Zone: Raw coal (sized 1/4 to 1-1/2 inch)
fed to the reactor comes in contact with the hot
product gases, and moisture in the coal is driven
off.

) Devolatilization Zone: As the coal is heated
further, occluded carbon dioxide and methane are
driven off at temperatures less than 400°F.

Organic sulfur in the coal is decomposed in the
range of 400°F to 900°F and is converted to hydrogen
sulfide and other compounds. Nitrogen compounds

in the coal decompose to release nitrogen and
ammonia. Above 550°F, oils and tars are distilled
from the coal.

' Gasification Zone: Char (the now-devolatilized
coal) comes in contact with steam and the hot
combustion products from the zone directly below.
The chief reactants here are that of carbon monoxide
and hydrogen being formed from the combination of
carbon with water and carbon dioxide. These
reactions are endothermic, and the production of
carbon monoxide and hydrogen are favored at high

POPE, EVANS AND ROBBINS
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temperatures; whereas, the production of carbon
dioxide and hydrogen would be favored at lower

temperatures.

° Combustion Zone: This zone, which supplies both
the heat and carbon dioxide for the gasification

zone, consists of a layer of ash physically suppor-

ting the combusting (now gasified) char. The key
reaction in this zone is that of carbon with
oxygen, which produces heat and carbon dioxide.

] The Ash Bed: Located at the bottom, the ash bed
acts as a distributor for the oxygen (or air) and
steam and, more importantly, provides heat to
incoming feeds.

Fixed-bed gasifiers can be further classified into single-
and two-stage units. Both types will contain the zones
described above; they differ in the location of gas removal
and the temperature ranges within the devolatilization and
drying zones. A single-stage gasifier has only one product
gas offtake, at the top of the coal bed above the drying
zone. Typical temperatures of gas leaving the unit are in
the range of 700° to 1100°F. Thus, incoming coal is heated
very rapidly and causes the oils and tars from the coal to
crack and polymerize to heavy viscous tar and pitch. This
violent distillation also causes the coal to decrepitate and
gives rise to coal dust, which is carried out with the
product gas.

Two-stage producers have one gas offtake above the drying
zone and one just at the top of the gasification zone, where
about half the gas produced by gasification is removed; the
remainder flows upward through the devolatilization and
drying zones. The temperatures attained in these two zones

POPE, EVANS AND ROBBINS
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are considerably lower than those seen in single-stage
units. Therefore, the incoming coal is heated, and the oils
and tars are evolved in a much slower manner; thus, the

problems in handling heavy tars, pitch and soot are avoided.

Next, consider the fluidized bed process. A stationary bed
of coal becomes fluidized when the pressure drop of the
gasifying agents moving through the bed is sufficient to
lift the coal particles. This requires smaller coal sizes
than the fixed-bed units, normally in the 10 to 100 mesh
(0.078-0.0058 inch) size range. At this stage, the bed
expands, and the coal particles move about randomly. This
fluidized action causes thorough mixing of the coal and the
gases, and the bed exhibits almost isothermal conditions
(variations are typically < 100°F). Bed temperatures charac-
teristically are in the 1500°-1%00°F range, depending on
coal type.

Because of these mixing properties, fluidized beds can
handle a higher coal feed rate than can fixed beds for the
same size reactor. The temperature of the reactor exit
gases is about the same as that of the bed, and a heat
exchange device is required to economize heat. Compared to
fixed beds, fluidized beds have, in general:

) more solids carried over with the product gases,
® less tar and soot production, and
° more unreacted carbon in the ash.

Ideally, ash removal would be accompanied by the heavier ash

particles working their way through the bed and falling out _
at the bottom. In the only commercially available fluidized- T
bed gasifier, the Winkler gasifier, about 30% of the ash is :
removed in this manner; the remaining 70% is carried out

with the product gases (see Refarence 4).
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Finally, we provide a general description of entrained bed
processes (see References 5 and 6). As opposed to a fixed
bed in which coal particles move counter-currently to the
reactive and product gases, and as opposed to a fluidized
bed in which most of the coal particles are svspended by the
gaseous phase, the particles in an entrained gasifier are
carried, or entrained, by the reacting gases. The coal
particles used in entrained gasifiers, therefore, are usually
much smaller than those used in other systems because large
particles would require excessive gas velocities, and because
higher conversion rates are needed because of the shorter
solids residence time. The coal is usually pulverized to a
normal plant grind of 70 percent through 200 mesh.

The reactants -- coal, oxygen/air, steam -- are typically
introduced into the gasifier at high velocity through one or
more burners, or nozzles. The high velocity is required to
prevent the flame front from retreating into the nozzle
itself -- a condition known as flashback. The burners are
usually composed of concentric pipes with one or more of the
reactants flowing through each pipe and mixing at the burner
tip. The burners can be oriented in the gasifier in many
ways, including tangentially, radially opposed, and axially.
The performance of a gasifier can be affected to a large
degree by the flow characteristics and mixing efficiency of
the burners. Great care is normally used to align the
burners in a way which minimizes the impingement of the

high velocity reactants on the gasifier surfaces.

Flame temperatures at the burner discharges can be as high
as 3500°F. This results in the extremely rapid conversion
of the coal particles and the destruction of virtually all
the higher hydrocarbon species. Outside the immediate flame

POPE, EVANS AND ROBBINS 3
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regicns, heat losses, further mixing with steam, and endo-
thermic reactions combine to lower the gas phase temperature
to less than 3000°F. Because of these high reaction tempera-
tures, the oxygen consumption is usually higher and the

steam consumption is usally lower than for other gasification
systems. The high reaction temperatures also result in the
melting of a significant portion of the coal ash so that it
is removed from the reaction zone as a liquid slag. The
principal species leaving the reaction zone are CO, COZ' HZ’

Nz (if air is used), and unreacted steam and char. Most of

the sulfur in the coal appears in the gas as H_,S, and as

2
smaller amounts of COS., Usually, at least 70 percent carbon

conversion can be easily achieved with a single pass.

The typical range is probably 80 to 95 percent conversion at
gas and solid residence times of several seconds. Nearly

100 percent conversion can be achieved if the char is recycled
to extinction, since the only losses would occur as carbon
trapped in the slag and as carbon lost or not captured by

the recycle equipment. Due to the processing conditions,
almost all coals can be used in an entrained gasifier without
the need for oxygen pretreatment or the concern for agglomera-
tion associated with other gasification schemes.

A survey of the basic characteristics of the several types

of gasifiers are shown in Tables 2-1, 2-2 and 2-3 for fixed,
fluidized and entrained beds respectively (see also Reference
3). Combining these results lead to the display in Table

2-4 where basic advantages and disadvantages are shown.
Detailed comparisons of commercially available gasifiers in
each category are provided later.
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TABLE 2-4

COMPARISON OF GENERIC GASIFICATION

A. ADVANTAGES

PROCESSES

FIXED BED

FLUIDIZED BED

ENTRAINED BED

High Carbon Conversion
Efficiency

Low Ash Carryover

High Degree of Process
Uniformity

Excellent Solid/Gas
Contact

Handles all Iypes of
Coal - No Pretreatment

Low Steam Consumption

Low Capacity
Low Offgas Temperature

Produces Tars and
Heavier Hydrocarbons

High Steam Consumption
Produces Phenols

Use of Caking Coals
Not Commercially
Proven

Requires Complicated
Gas Distributor

Caking Coals Require
Pretreatment

High Carbon Loss With
Ash

Fluidization Require-
ment Sensitive to Fuel
Characteristics

Low Temperature e Excellent Solid/Gas
Operation Lower Residence Time Contact
Lowest Air/Oxygen Than Fixed Bed Gasifier e No Tar Formation
Requirement Higher Coal Throughout
Per Unit Volume of e No Phenol Formation
Reactor e Ability to Slag Ash
e High Capacity Per Unit
Volume of Reactor
o Produces Inert Slagged
Ash
B. DISADVANTAGES
—_— q
FIXED BED FLUIDIZED BED ENTRAINED BED
Sized Coal Required Sized Coal Required e Requires Finely
Coal Fines Must Be Dry Coal Required For gr8§h§d238a§ h
Briquetted Feeding ' es
e Small Surge Capacity

Requiring Close
Control

POPE, EVANS AND ROBBINS
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2.2 Commercially Available Gasifiers

various gasifiers falling into the three generic
categories were screened according to several factors, to be
provided below, so that a small representative set might be
established for detailed performance analysis and economic
evaluation. An overall list of gasifiers is shown in Table
2-5.

The major categories of screening are described below:

Status - This factor pertains to the degree of development
or commercialization. Those processes that were commercial
or were thought to become commercially available by the time
of facility design were favored.

Technology Factors - These included complexity, feed coal

types, operating experience and conditions and conversion
efficiency. Considerations here were to favor those gasifiers
with moderate or lower complexity, capability to accept a
wide range of coal, good operating experiences including
maintenance records, and high efficiency. We also sought to
include representative processes from the three generic
classes.

Capacity - Here we sought to evaluate the number of gasifiers
needed to handle selected amounts of coal. Since this is

not a utiltity-type operation but rather an industrial
gasification application, low to moderate capacity was
favored.

Data Availability - Nothwithstanding any of the above factors,

data availability in the open literature was considered of
prime importance. If the system under evaluation did not
have a data base sufficient for cycle assessment, it was
deemed unsuitable for this feasibility study.

POPE, EVANES AND ROBBINS
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2-18

On these bases then, the gasifiers shown in Table 2-5 were
assessed. From them the following were selected as represen-

tative of the commercially available systems:

Fixed Bed Lurgi, dry ash
Wellman - Galusha
Woodall -~ Duckham

Fluidized Bed Winkler

Entrained Bed Koppers-Totzek

Texaco

We would emphasize that these six may not be the only gasifiers
which can fit current state-of-the-art criteria, but rather

are representative of the variety of systems that are available.
Indeed by the time the design and bidding phases of this pro-
ject take place, others might also be of interest.

For each of the six gasifiers we provide summary descriptions
in this section (Exhibits 2-3 to 2-8) and detailed process
discussions in Appendix A. This data has been taken largely

from References 7 and 8.

2.3 Process Comparisons

We next compare the six selected gasifiers for a
variety of parameters of importance to cycle and system
performance for typical coals. Economic assessments are

deferred to a later section.

Consider first operating conditions. Comparisons are shown

in Table 2-6. Sizing of the coals for the fixed and fluidized
bed types is required. The entrained beds, operating on
pulverized coal, show an advantage here. Except for the
Winkler fluidized bed process, all gasifiers have reasonable
input rates per unit, sufficient to allow suitable redundancy
at reasonable economic cost. As we will see later, operating
at elevated pressure is an advantage for the combined

POPE, EVANS AND ROBBINS
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NAME :

DEVELOPER/
LICENSOR

TYPE:

STATUS/
HISTORY:

CONDITIONS:

REACTANTS:

PRCDUCTS:

FEED METHODS:
ASH REMOVAL:

DESCRIPTION:

SUMMARY DESCRIPTION - LURGI GASIFIER

Lurgi, Dry Ash

American Lurgi Corporation
377 Route 17
Hasbrouck Heights, NJ 07€04

Pressurized fixed bed.

Commercial proven since 1936; eighteen
commercial plants have been installed
worldwide (outside the U.S.).

Pressure: 350 to 450 psig.

Temperature: 1800 to 2500°F combustion zone,
1150 to 1500°F gasification zone,
700 to 1100°F exiting gas.

The operating temperature is strongly dependent

on the coal type.

Expected turndown ratio is 100:0 (American Lurgi).

Sized coal (1/8 to 1-1/2 inch).

Steam: 3.2 1b per 1lb of coal.

Oxygen: 0.6 lb per lb of coal (Pittsburgh No. 8).
Cxidant and steam consumption are dependent on
the coal type.

Air can be used.

Medium Btu Gas: Oxygen blown (60 to 70 Mscf per
ton of coal at 285 to 300 Btu/scf). Low Btu
Gas: Air blown (100 Mscf per ton of coal at

179 Btu/scf).

By-Products: Tar, tar oil, naphtha, gas liquor,
steam, phenols, sulfur and ammonia.

Gravity-fed from coal lock hopper.
Dry ash collected in an ash lock hopper.

Coal is fed downward over a mechanical distributor
into a vertical cylindrical, water-jacketed

shell. Steam and oxyden (or air) are fed upward
through a rotating grate on which the falling

ash collects. Ash is removed at the bottom.

Raw product gas escapes at the top and is sent
downstream for treatment. The gasifier can

handle caking coals if mechanical stirring is
provided.

POPE, EVANS AND ROBBINS EXHIBIT 2-3
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SUMMARY DESCRIPTION - WELLMAN-GALUSHA GASIFIER

NAME:
DEVELOPER/

LICENSOR:
TYPE:

STATUS/
HISTORY:

CONDITIONS:

REACTANTS:

PRODUCTS :

FEED METHODS:

ASH REMOVAL:

DESCRIPTION:

POPE, EVANS AND ROBBINS

Wellman-Galusha

McDowell-Wellman Company
113 St. Clair Avenue, NE
Cleveland, Ohio 44114

Fixed bed with or without central agitator.

Twelve gasifiers operating in U.S., several more
overseas. DOE project in Morgantown has been
operating for over nine years. Commercial opera-
tion: 35 years for Wellman-Galusha design and
over 80 years total for all McDowell-Wellman
designs.

Pressure: Atmospheric.

Temperature: Combustion Zone = 2400°F; gas
leaving = 1100 to 1200°F (bitu-
minous) or 600 to 1000°F (anthra-
cite).

Steam = 0.4 to 0.7 1lb per 1lb of coal; Air = 3.5
1lb per 1b of coal; Crushed coal +3/16 to 9/16 in.
(anthracite) or +1 to 2 inch (bituminous):
Agitated gasifier can handle caking bituminous
coal.

Low Btu gas (120 to 168 Btu/scf); Medium Btu gas
for oxygen-blown operation (270 to 290 Btu/scf).

Gravity fed (controlled by slide valves) from
coal bin on top of the gasifier.

Withdrawn through eccentric grate to ash cone.

Expected turndown ratio is 100:25. Capacity of
agitated gasifier is about 25% higher than that
of gasifier without central agitator. Water-~
jacketed and brick-lined gasifier models are
available.

EXHIBIT 2-4
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NAME :

DEVELOPER/
LICENSOR:

TYPE:

STATUS/
HISTORY:

———

CONDITONS:

REACTANTS:

PRODUCTS::

i FEED METHODS:
{‘ ASH REMOVAL:

DESCRIPTION:

POPE, EVANS AND ROBBINS

SUMMARY DESCRIPTION - WOODALL-~-DUCKHAM GASIFIER

Woodall-Duckham

Babcock Contractors, Inc.
921 Penn Avenue
Pittsburgh, PA 15222

Two-stage, fixed bed process.

Thirty years producing industrial fuel gases in
Milan, Italy; process used about 20 years before
that in cyclic operation; over 100 gasifiers
successfully operated outside the U.S. Selected
in 1977 for two DOE demonstration projects.

Pressure: Atmospheric.
Temperature: Gasification Zone = 2200°F.
Gas Temperature: 250°F top gas, 1200°F clear gas.

Sized coal (+1/4 to 1 in. or +1/2 to 1-1/2 in.)
with free-swelling index less than 2-1/2; Steam
(internally generated) = 0.25 1lb per 1lb of coal;
Air = 2.3 1lb per 1b of coal for air-blown
cperation.

Low Btu gas (air blown), 175 to 205 Btu/scf.
Medium Btu gas (oxygen blown), 280 Btu/scf.
Medium Btu gas (cyclic), 330 Btu/scf.

Storage and surge hoppers above gasifier;
intermediate lock hopper.

Ash removal by rotating grate, lock hoppers,
or wet grate.

Turndown ratio is 100:25; vertical cylindrical
construction with a rotating grate in the
bottom of the reactor; can be started up in
about 24 hours.

EXHIBIT 2-5
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SUMMARY DESCRIPTION - WINKLER GASIFIER

NAME: Winkler
DEVELOPER/ Davy Powergas, Inc.
LICENSOR: P.O. Box 36444
Houston, Texas 77036

TYPE: Fluidized bed gasifier.

STATUS/ This commercial process was developed in the
HISTORY: late 1920s. Davy Powergas plans to test U.S.
coals at 15 atm (210 psig) in a 10-TPD pilot
: | plant. Most previous experience was with
- young, brown coals and their cokes in Germany,
India and Turkey.

CONDITIONS: Fluidzed Bed Off-Gases

Temperature, °F 1800-2100 1700-2000
Pressure, psig Atmospheric Atmospheric
(Pressure operation under test; 4/1 turndown
capability.)

‘ REACTANTS: Crushed coal (0 x 3/8 in.), steam, air (or oxygen).

PRODUCTS: 108,000 scf per ton of coal of low Btu gas
, (118 Btu scf). [62,000 scf per ton of coal of
: intermediate Btu gas (290 Btu/scf).]

: FEED METHODS: Screw feeder for noncaking coals; pretreatment
} of caking coals (free-swelling index greater
) than 2-1/2).

ASH REMOVAL: Bottom ash removal by ash conveyor screw (70%
of ash entrained in gas).

 ~va—b

DESCRIPTION: Vertical cylindrical construction; steel shell
lined with refractory. Secondary injection of
steam and air (or oxygen) above fluid bed com-
pletely gasifies entrained particles. 1If
required, a radiant-hcat boiler, in disengaging
space, cools ash below softening temperature.
Waste-heat train takes product gas and entrained
ash concurrently down through steam superheater,
steam generator, and air preheat. Entrained ash
removed by settling and cyclones.

EXHIBIT 2-6
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SUMMARY DESCRIPTION - KOPPERS-TOTZEK GASIFIER

NAME:

DEVELOPER:

LICENSOR:

LICENSE
U.S. and CANADA:

TYPE:

STATUS/
HISTORY:

CONDITIONS:

REACTANTS:

PRODUCTS:

FEED METHODS:

ASH REMOVAL:

DESCRIPTION:

Koppers-Totzek

Process was codeveloped by Heinrich Koppers,
GmbH, (ncw Krupp-Koppers) of Essen, West
Germany, and Koppers Company, Inc., of
Pittsburgh, Pennsylvania.

Krupp-Koppers, GmbH
Essen, West Germany

Koppers Company, Inc.
Koppers Building
Pittsburgh, Pa. 15219

Entrained flow slagging gasifier.

Commercial process; thirty-nine installed units
worldwide. Three new plants under construction.
Pilot unit (36 TPD) operated in 1948 for U.S.
Bureau of Mines at atmospheric pressure and
oxygen-blown conditions.

Combustion-Zone Temperature = 3500°F. Off-gas
temperature =~ 2700°F. Atmospheric pressure.
(Pressurized units to be tested at 450 psig.)

Dried pulverized (70 to 90% -200 mesh) coal,

oxygen, and steam. Process can handle caking
coals as well as other solid carbonaceous or

liquid fuels.

50,000 to 78,000 scf (dry basis) per ton of

coal feed of medium Btu (286 Btu/scf) gas.

Gas yield depends on type of fuel or coal rank.
No tars or condensible hydrocarbons are produced.

Dry, pulverized coal fed by screw feeder to
mixing nozzle, entrained in O, and steam; accepts
all types of coals. Bituminous coals usually fed
at 2% moisture, lignites at 8% moisture.

Bottom ash to slag quench tank; entrained ash
quenched in water spray. Cooled, granulated
bottom ash removed through water.

Horizontal refractory-lined gasifier with two

or four heads, each head containing two adjacent
burners and each pair of heads forming an ellip-
soid about the base of a vertical waste-heat
boiler. Gasifier shell is steam jacketed and
refractory lined.

POPE, EVANS AND ROBBINS EXHIBIT 2-7
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NAME :
DEVELOPER/

LICENSOR:
TYPE:

STATUS/
HISTORY:

CONDITIONS:

REACTANTS:

PRODUCTS :

FEED METHODS:

ASH REMOVAL:

ESCRIPTION:

SUMMARY DESCRIPTION - TEXACO GASIFIER

Texaco Coal Gasification Process

Texaco Development Corporation
135 East 42nd Street
New York, NY 10017

Entrained flow gasifier.

Commercially proven with liquid hydrocarbon
feed-stocks; seventy plants. Pilot plant
(15 TPD) tests coals at 350 psig, soon at
1200 psig. TVA to demonstrate 168-TPD unit.

Slagging temperature (to ~3000°F) in partial
oxidation chamber; product gas (400 to 500°F)
with direct quench; pressure is 300 to 12C0
psig; 50% turndown possible. Operation at

1200 to 2500 psig proposed by W.R. Grace Com-
pany. Raw gas at gasifier operating temperature
may be obtained by omitting direct gquench.

Pulverized coal, water or steam and oxygen or
air to partial oxidaticn chamber. Coal particle
size is confidential; it has been reported
variously as 70%-200 mesh or =0.1 mm diam.

53,000 scf per ton of coal of medium Btu (253
Btu/scf) product gas. l
Preheated, coal-water slurry pumped to gasifier.
Any coal can be handled.

Quenched slag particles removed from gasifier
in water slurry; ash contains <2% carbon.
Alternate cooling method passes hot product gas
through gas cooler where high-pressure steam is
generated.

Vertical cylindrical pressure vessel {(carbon
steel) lined at upper end with refractories.
Coal, steam and oxygen fed at top to react under
slagging conditions. Product gas with entrained
molten slag is quenched at bottom and slag is
removed in slag quench bath. Slag discharged
through slag pots while cooled product is
cleaned in water scrubber.

EXHIBIT 2-8
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cycle: Lurgi and Texaco stand out in this regard. From the
point of view of heat recovery and overall process efficiency,
high temperatures are a decided advantage. We will see this

clearly in the cycle studies.

The data in Table 2-7 compares the input requirements for
both reactants and utilities. All systems appear competitive

here.

Process outputs are shown in Table 2-8. Gas production
differences are not significant. The steam production,
however, should be noticed. This arises from the temperature
of the gasifier process and will ultimately be reflected in
the overall cycle performance since we require such steam
for the cogeneration component of our system. The presence
of tars and oils is an important consideration. Their
effects become significant when we treat the environmental
impacts of the system (see Section 4.0). The thermal effi-
ciency differences show up in the coal use to provide given
quantities of power and cogenerated steam. We quantify
these effects in our discussion of the cycle, later.

Gas composition for typical coals (derived from data in the
literature) is provided in Table 2-9. The effects of these
differences are shown clearly in the cycle analyses later.

Finally, a brief summary comparing advantages and disadvantages
for each process are provided in Table 2-10. Note that

these are similar to the generic relations shown earlier in
Table 2-4.

POPE, EVANS AND ROBBINS
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GASIFIERS
Fixed Bed

Lurgi, Dry Ash

Wellman-Galusha

Woodall-Duckham

Fluidized Bed

Winkler

Entrained Beds

Koppers-Totzek

Texaco

TABLE 2-10

COMPARISON OF COMMERCIALLY AVAILABLE GASIFIERS

ADVANTAGES

Pressurized; turndown; caking coals.

Turndown; good efficiency.

Turndown; two stages; no direct water
quenching required.

Turndown; all coals; clean effluent;
low steam use.

All coals; clean effluent; low steam use.

All coals; clean effluent; turndown;
pressurized.

DISADVANTAGES

Tars and oils; solids handling against high
pressure.

Tars and oils; close bed temperature control
required; low pressure.

Tars and oils; limited to non-caking coals; bed
temperature cortrol required; low pressure.

Ash and char carryover; unconverted coal tram
limits efficiency; low pressure.

Small turndown; high oxygen requirement; ash
removal problem; low pressure.

Slurry feed; no real demonstration yet; close
control of oxygen required.
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3.0 COMBINED CYCLE PERFORMANCE

In this section we present cycle performance and optimi-
zation for an integrated combined cycle gasification plant
operating in a cogeneration mode., Overall efficiency and per-
formance are provided and compared for the commercially avail-
able gasifiers described in Section 2.0, integrated with a
conventional combined cycle scheme.

As pointed out generally in Section 1.0, because of the coinci-
dent steam and electric demands of SPNC and the potential for
significant energy savings, it is important to focus on the load
matching and cogeneration impact of the combined cycle. Ulti-
mately these considerations are reflected in the life cycle cost
analysis (Section 8.0).

3.1 Combined Cycle Configuration

A schematic diagram of a generic integrated combined
cycle/gasification plant plant is shown in Exhibit 3-1. A
description of the major process steps including their auxiliary
requirements and by-product follows:

® Oxygen Plant - Required for medium-Btu gas, the oxygen
plant primarily consists of an air compressor, the air
separation unit including heat exchangers, cold box
components and expansion turbines, nitrogen compressors
for purging requirements, and an oxygen compressor.
Compressor drives may be either steam or electric and
the expansion turbines may be designed to provide some
of the remaining auxiliary requirements for the plant.

® Gasifier - The gasifier may be either oxygen or air
blown and of the fixed, fluidized or entrained bed type.
We note here that the amount of jacket steam produced by
the gasifier may be significantly less than that

POPE, EVANS AND ROBBINS
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required for the gasification process. This is especi-
ally true for oxygen-blown fixed bed gasifiers, where
large quantities of steam are required as a reactant
moderator.

Gas Cooling and Quenching - These processes are depen-
dent on gasifier type and the method of gas cleanup; the
details of their performance and overall input and
output requirements are provided in Section 4.0. One
observation is in order: in general, fixed bed single-
stage gasifiers 4o not have sufficient sensible heat in
the raw gas to produce high pressure steam. This is
because of the lower gasifier exhaust temperature and
tar liquor scrubbing that takes place before the gas
enters a heat exchanger. Any additional heat recovered
in the quenching phase may be used for producing low
pressure steam and pre-heating feedwater make-up.

Gas Cleanup - This process, which includes acid gas
removal, is also described in detail in Section 4.0.
Steam and electric auxiliary requirements are also given
there. Following this step the gas is clean and cool.

Gas Compression - This step is necessary for atmospheric
gasifiers. The Lurgi and Texaco gasifiers do not
require this step. However, for those, oxygen compres-
sion prior to the gasifier is required to a higher
pressure level than that of the gas turbine combustor.
The gas compressor may either be on the same shaft as
the gas turbine or it may be steam driven.

Gas Turbine Generator - Except for the combustor the gas
turbine generator component is the same as one used in
conventional combined cycle plants. Combustor modifica-
tion is necessry due to the nature of the synthetic

gas.

POPE, EVANS AND ROBBINS
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Coal derived gas is produced as either low (90-160
Btu/scf) or medium (200-300 Btu/scf) Btu gas, depending
on whether the gasifier is air blown or oxygen blown.
The major difference between coal- derived gas and
natural gas is in the reduced volumetric heating value,
the quanitty of inerts and the chemical composition of
the combustibles - carbon monoxide and hydrogen rather
than methane. These differences affect the combustion
process and cycle efficiency, and are reflected in the
following quantities:

-~ Fuel Throughput

- Flame Temperature

- Reaction Rate

- Water Vapor Content

- Non-Gaseous Contaminents

- Emission Yielding Compounds

Information in the literature indicates that with
combustor modifications medium-Btu coal derived gas can
be fired in present-day gas turbine units (Reference 1).
Indeed one major gas turbine manufacturer is now offer-
ing a new design of oil-or gas-fired packaged combined
cycle plants with built-in provisions for later conver-
sion to coal derived fuels including medium-Btu gas (see
Reference 2).

Waste Heat Recovery Boiler (WHRB) - The sensible heat in
the turbine exhaust gas is recovered and converted to

steam in this step.

Steam Turbine ~ The steam from the WHRB and the gas
cooling process, if any, is expanded in a conventional
Steam is taken,

process and auxiliary requirements.

steam turbine. as necessary, for

The steam turbine

POPE, EVANS AND ROBBINS
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may operate in either a condensing or back-pressure
mode.

One final word on the importance of plant integration is in
order. The scheme shown in Exhibit 3-1 presents the combined
cycle as integrated with the gasification plant, i.e., there is
an interchange of electric power, feedwater and steam between
systems, in contrast to a non-integrated system where the gasi-
fication plant would produce its own steam requirements. Pre-
vious studies have shown an integrated system to be the most
economical and one which results in the highest overall thermal
efficiency (Reference 3). This is especially true for a cogene-
ration facility where all steam driven auxiliaries including
those in the oxygen plant can operate in a back-pressure mode
thereby increasing overall efficiency.

3.2 Cycle Considerations and Options

Before discussing the specifics of the cycle optimiza-
tion and performance it is useful to review the two basic idea-
lized thermodynamic cycles on which the gas and steam turbine
cycles are based. These are the Brayton and Rankine cycles,
respectively.

The cycle configuration and the temperature-entropy charts for
these two cycles are shown in Exhibits 3-2 and 3-3. The cycle
efficiency is given by:

" ~ %dded - YRejected

Added Qrdded

Where W represents the work done and Q the heat added or
rejected. 1t is evident that the efficiency depends on the
average temperatures at which heat is added and rejected. Any
changes that maximize this difference lead to an increase in

POPE, EVANS AND ROBBINS
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RANKINE CYCLE CONFIGURATION & TEMPERATURE-ENTROPY CHART
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BRAYTON CYCLE CONFIGURATION & TEMPERATURE-ENTROPY CHART
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efficiency. This is accomplished in conventional steam plants
by such cycle enhancements such as steam reheat, feedwater
heating, increased boiler pressure and temperature, and reduced
condenser pressure.

Because steam temperature is limited to approximately 1000°F by
metallurgical considerations and gas turbine exhaust tempera-
tures are in the range of 1000°F combining the two cycles, by
topping the steam c¢ycle with a gas cycle, will lead to an over-
all increase in cycle efficiency. The heat added to the cycle
is kept at the higher temperature of the gas turbine and by
recovering a large quantity of the heat in the Rankine cycle
the overall heat rejected is reduced.

Another way of maximizing energy efficiency is through cogene-
ration., By reducing the amount of steam flow to the condenser
the quantity of heat rejected is reduced, thereby leading to an
increase in overall cycle efficiency. A combined cycle-
cogeneration plant thereby makes use of both of these cycle
enhancements.

A prime consideration in the assessment of any cogeneration
scheme is its potential for matching thermal and electric loads,
while, at the same time, remaining competitiv. with power
generated by a utility. This may require 'ry..o tle steam-to-
power ratio generated by the prime mover. To “~:crease this
value below the baseline design point, a condensing, rather than
back pressure steam turbine may be used. The ratio of throttle
flow to condenser flow is varied to match loads. This arrange-
ment has application in peak shaving schemes where a facility
experiences sudden, sharp increases in load. This is not the
case for the base load consideration of interest at SPNC.
Increasing the steam-to-power ratio can be accomplished by
either additional firing of coal derived gas in the waste heat
recovery boiler or by increasing the gas turbine back pressure

POPE, EVANS AND ROBBINS
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thereby lowering the electric generation and increasing the
amount of waste heat exhausted.

For the SPNC we consider the following base case cycle arrange-
ment:

e Integrated combined cycle cogeneration with a back
pressure steam turbine. For this case the amount of
steam produced and electricity generated by the steam
cycle is set by the gas turbine performance. This
results in fixed thermal to electric ratio.

the following system components are investigated, as required,
to ascertain their effect on plant efficiency:

Low vs, Medium-Btu Gas

WHRB Steam Pressure

Dual Pressure WHRB (see Exhibit 3-4)
Electric vs. Steam Driven Auxiliaries
Steam vs. Gas Driven Gas Compressor

Low Pressure Heat Utilization

Additional cycle enchancements including coal gas auxiliary
firing, varying gas turbine back pressure and high temperature
combustion are also studied.

It should be noted that because state-of-the-art combustor
design precludes burning of low-Btu coal gas, the emphasis of
cycle performance is on medium-Btu, i.e., oxygen blown, gasifi-
cation. The air-blown gasifier cycle is presented only for
comparison purposes or in one case, for the Wellman-Galusha
gasifier, where adequate data on the oxygen-blown gasifier in
unavailable.

POPE, EVANS AND ROBBINS
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3.3 Computer Model

The complexity of the integrated combined cycle requires a
computer model be used to facilitate study of the numerous
cycles in the performance evaluation. The computer model used
has been developed by the Syntha Corporation, Greenwich, Connec-
ticut, and is available on the Control Data Corporation Cybernet
System. The program, which is an industry standard, can be used
to determine heat balances for large scale nuclear and fossil
fuel fired power plants.

The program can readily be applied to any configuration or
arrangement of steam/water flow, heat transfer, gas flow, and/or
mechanical components. It incorporates the ASME steam proper-
ties (1967) and the published procedures for prediction of steam
turbine~generator performance. With the recent addition of
gasifier components, the program embodies the most comprehensive
library of components (i.e., technical content) available for
heat and material balance.

The program utilizes "building-blocks" or elementary components,
to model the physical components of a power plant as a schematic
diagram easily translates into a standard input format. The
program is then used *“o operate the model under various design
options or under proposed plant performance conditions.

The Syntha Component Library (Reference 4) consists of four
sections as follows:

® Steam and Water Flow Components - including steam
turbines, pumps, pipes, valves, and other components
necessary for flow stream modeling.

® Gas Flow Components - including gas turbines, compres-

sors (fans), combustors, valves, pipes, and other com-
ponents necessary for flow stream modeling.

POPE, EVANS AND ROBBINS
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e Heat Transfer Components - including components which
transfer heat between gas, steam, and water, such as
superheaters, boilers, gasifiers, economizers, feedwater
heaters, deaerators, condensers, and gas/gas heat
exchangers.

e Mechanical and Control Components - consisting of
controls, schedules, generators, motors, loads, and
shaft components for making mechanical connections.

A description of these components and their input requirements
are given in Appendix B-1, Because of a lack of experience at
Syntha with the gasifier component, a special effort was taken
to continuously monitor it. The gasifier component performance
did not originally satisfy PER specifications. However, a
number of changes, based on our recommendations, have improved
it so that its accuracy is now established and output accept-
able,

3.4 Cycle Performance

The purpose of the cycle evaluation is two-fold. The first is
to determine the optimum cycle that will serve as the basis for
life cycle cost evaluation, and the second is to compare the
cycle performance of different gasifiers. The evaluation is
carried out for the six commercially available gasifiers
described in Section 2.0. These fall into three categories,
depending on gasifier type:

® Fixed Bed - Lurgi, Woodall-Duckham, Wellman-Gallusha
Fluidized Bed - Winkler
Entrained Bed - Koppers, Texaco

Because of the expected general similarities in cycle perform-

ance between gasifiers of the same category, detailed computer
cycle optimization runs were carried out for only one gasifier

POPE, EVANS AND ROBPBINS
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in each category. This enables us to determine the optimum
cycle per category. This optimized cycle then serves as a base
case for the comparison between different gasifiers in the same
category. Sample computer outputs for each gasifier are
provided in Appendix B-2.

Control for the computer program is provided by specifying the
gas turbine generator output. Load analysis (see Section 1.0)
indicates optimum base loads in the range of 50-60 MW electric
and 270,000-290,000 1lb/hr steam (340 psig, sat.). Because of
the high electric auxiliary requirement in the gasification
plant and in order to facilitate control of the computer model,
the gas turbine generator output is set at 60 MW and steam
turbine is set to provide all auxiliary loads (either steam or

motor driven).

Note that a single turbine component can be used to model all
steam driven auxiliary and geneator drives operating between the
same pressures. ©Only the gas compressor and the feed pump
drives are automatically accounted for in the program by connec-
ting them to a shaft component. In cases where the remaining
steam turbine generator output is insufficient to satisfy the
auxiliary load requirement, the gas turbine generator net output

is then r Jiced.

A number of performance constants, shown in Table 3-1, have been
built into the computer model. These values remain the same,
regardless of gasifier make. Other gasifier properties are
consistent with those values given in Table 2-7. The coal types
and resulting dry gas compositions are taken from Table 2-9.

Results For Entrained Bed Gasifiers
Roppers-Totzek Gasifier

A block filow diagram for a Koppers-Totzek gasification plant is
shnwn in Exhibit 3-5, The gasifier operates at low pressures
snd the process is characterized by high exhaust gas tempera-

POPE, EVANS AND ROBBINS
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TABLE 3-1

CYCLE MODEL PERFORMANCE CONSTANTS

Feedwater Make-Up Temperature

Ambient Air Temperature

Ambient Air Relative Humidity
Air/Gas Compressor Efficiency

Gas Turbine Efficiency

Gas Turbine Pressure Ratio

Steam Turbine Efficiency

Feed Pump Efficiency

Heat Transfer Component Radiation Losses
Boiler Pinch Point

Economizer Outlet Subcool Temperature
Deaerator Pressure

Export Steam Pressure

Gas Cleanup Temperature

Combustor Temperature

POPE, EVANS AND ROBBINS

55°F
70°F
80%
85%
90%
1
72%
85%
3%
25°F
5°F
5 psig
340 psig
80°F

1985°F
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KOPPERS-TOTZEK GASIFIER MODEL
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tures and a lack of tars
tunity for a high degree
cooling process.

Gasifier properties were

and oils., This provides the oppor-
of heat recovery during the gas

assumed as follows:

Pressure (psig) Atmospheric
Exit Temperature (°F) 2700°F
Steam Use (1lb/1lb coal) 0.2

Oxygen Use (1b/1lb coal) 0.7

Jacket Steam (lb/1lb coal) 0.3

Cold Gas Conversion Efficiency 0.75

Note that although gasifier exit temperature is given as 2700°F,

a spray process which serves to solidify ash carryover, reduces
the gas temperature to approximately 2100°F before entering the

gas cooling WHRB.

Auxiliary electric requirements for the plant are as follows:

Oxygen Plant
Gasifier

Balance to Plant
Total Auxiliaries

200 kw/T coal
55 kW/T coal
70 kW/T coal

325 kW/T coal

These figures are consistent with those given in the literature

(Reference 3-5).

Four runs were made to establish the Koppers base case. These

are summarized below:

1) Main steam pressure and temperature in both the gas
cooling heat exchanger and the main WHRB is 885 psi and
800°F. The gas compressor is steam driven.

2) A second run uses

steam pressure and temperature reduced

to 585 psi and 700°F.

POPE, EVANS AND ROBBINS
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3) Next, the addition of a dual pressure boiler (885 psig,
800°F and 340 psig, sat.) is assessed.

4) Finally, the gas compressor is gas driven and throttle
pressure increased to 885 psig.

A sample heat balance computer model diagram for the last cycle
is shown in Exhibit 3-6. Table 3-2 summarizes the results for

all runs. A heat and mass balance diagram is shown in Exhibit

3-7.

The following conclusions may be drawn from the results:

e Lowering throttle steam pressure and temperature alone
does provide an increase in efficiency; however, a dual
pressure boiler improves the cycle efficiency even more
by increasing waste heat utilization in the WHRB.

e Although a gas turbine driven compressor does not have
an advantage over a steam driven compressor in terms of
efficiency, it does free the steam turbine capacity for
other auxiliary needs.

Texaco Gasifier

A block flow diagram of a Texaco gasification plant is shown in
Exhibit 3-8. It differs from the Koppers gasifier in that it
operates at elevated pressures (up to 1200 psig). Another
unique feature of the Texaco gasifier is that the coal is slurry
fed. Water, rather than steam, is used as the reactant modera-
tor. As with other entrained flow gasifiers, exhaust tempera-
tures are high and the gas is essentially free of tars and oils,
providing significant heat recovery in the gas cooling process.

POPE, EVANS AND ROBBINS
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Energy Input (108 Btu/hr)
Gasifier Oxident Feed (1lb/hr)
Gasifier Steam Feed (lb/hr)
Gasifier Jacket Steam (lb/hr)
Clean Gas Flow Rate (10> scfd/hr)
Clean Gas Heating Value (Btu/scfd)
By-Product Tar and 0ils (1b/hr)
Throttle Steam Pressure (psig)
Throttle Steam Temperature (°F)
Throttle Steam Flow (1b/hr)

Stack Dutlet Temperature (°F)

Gas Turbine Cutput (MW)

Steam Turbine Output (MW)

Auxiliary Requirements (MW)

Gasifier Cold Gas Efficiency
Net Electric Generated (MW)
Net Export Steam Flow (1lb/hr)
Thermal-to-Electric Ratio

Overall Efficiency

NOTES:

1. Includes both steam and electric driven auxiliaries, except for gas

and feed pump drives.

TABLE 3-2

KOPPERS-TOTZEK INTEGRATED
COMBINED CYCLE PERFORMANCE

Cycle

804
42,000
13,400
22,000

2,098

290

885

800

298,600
361
60.0
3.0
1.6

0.75
51.4
273,300
1.88
0.62

Cycle

804
42,000
13,400
22,000

2,098
290

585

700
318,500
335
60.0

)

1.6

0.75
48.4
289,000
2.1
0.63
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Cycle

804
42,000
13,400
22,000
2,098
290

885

800
278,400
327
60.0
2.7
1.6

0.75
51.1
286,500
1.98
0.64

compressor
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Cycle

902
47,100
15,000
22,000
2,350
290

885

800
313,900
327
60.0
10.1
13.0

0.75
57.1
321,100
1.98
0.64
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Gasifier properties are assumed as follows:

Pressure (psig) 585
Exit Temperature (°F) 2400
Slurry Solids Loading 0.67
Oxygen Use (1b/1b coal) 0.85
Cold Gas Conversion Efficiency 0.73

Note that the gasifier component in the computer model was
designed to use steam and not water as the reaction moderator
which is the case for the Texaco gasifier. To overcome this
problem we artificially generate jacket steam in an amount equal
to the liquid slurry flow thereby substituting steam as the
moderator. The overall heat and mass balance for the gasifier
is still maintained.

Auxiliary and electric requirements for the plant are as

follows:
Oxygen Plant 320 kW/T coal
Gasifier 50 kW/T coal
Balance of Plant 84 kW/T coal
Total Auxiliaries 454 kW/T coal

Note that the oxygen plant auxiliaries includes the oxygen
compressor,

One case was run for the Texaco gasifier corresponding to the
optimized Koppers base case. The computer model flow diagram is
shown in Exhibit 3-9. Results are summarized in Table 3-3. The
cycle heat balance is shown in Exhibit 3-10.

Results For Fluidized Bed Gasifiers

Winkler Gasifler

A block flow diagram for the Winkler gasification plant is shown
in Exhibit 3-1%1, The gasifier operates at low pressure. The

POPE, EVANES AND ROBBINS
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TABLE 3-3

TEXACO INTEGRATED
COMBINED CYCLE PERFORMANCE

Coal Feed (106 Btu/hr)

Gasifier Oxident Feed (1lb/hr)
Gasifier Water Feed (lb/hr)
Gasifier Jacket Steam (1lb/hr)
Clean Gas Flow Rate (103 scfd/hr)
Clean Gas Heating Value (Btu/scfd)
By-Product Tar and Oils (1lb/hr)
Throttle Steam Pressure (psig)
Throttle Steam Temperature (°F)
Throttle Steam Flow (1lb/hr)

Stack Temperature (°F)

Gas Turbine Ouput (MW)

Steam Turbine Output (MW)
Auxiliary Regquirements (MwW)'!

Gasifier Cold Gas Efficiency
Net Electric Generated (MW)
Net Export Steam Flow (1lb/hr)
Thermal-to-Electric Ratio
Overall Efficiency

NOTES :

1. 1Includes both steam and electric driven auxiliaries,

except for feed pump drives.

865
54,600
30,700

3,346

270

885

800

328,000
325
60.0
10.5
14.3

0.73
56.2
330,000
2,07
0.68
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coal gasification reactions occur at relatively high tempera-
tures, causing all tars and oils to be gasified. However,
carbon conversion for the fluidized bed is lower than for the
other gasifiers. Unreacted carbon leaves the gasifier as char,
lowering the gasifier gas conversion efficiency.

Gasifier properties in the model were assumed as follows:

Pressure Atmospheric
Exit Temperature 2100°F
Steam Use (1b/1lb coal) 0.65

Oxygen Use (1b/1b coal) 0.65

Cold Gas Conversion Efficiency 0.66

Note that there is no generation of jacket steam. The rela-
tively high quantity of steam required by the gasifier is
obtained from the steam turbine extraction, lowering the amount
of steam exported.

Auxiliary electric requirements for the plant are as follows:

Oxygen Plant 200 kW/ton
Gasifier 25 kW/ton
Balance of Plant 70 kW/ton
Total Auxiliaries 295 kwW/ton

The four cases run for the Koppers gasifier were repeated for

the fluidized bed Winkler gasifier. Results are summarized in
Table 3-4. A sample computer model is shown in Exhibit 3-12.

Note the additional stream splitting off the steam turbine

extraction. A heat and mass balance diagram for the last cycle
is shown in Exhibit 3-13.

The following observations can be made:

® As with the Koppers case the dual pressure boiler signi-
ficantly increases the cycle efficiency and the gas

POPE, EVANS AND ROBBINS
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Coal Feed (106 Btu/hr)

Gasifier Oxident Feed (1b/hr)
Gasifier Steam Feed (1lb/hr)
Gasifier Jacket Steam (1b/hr)
Clean Gas Flow Rate (107 scfd/hr)
Clean Gas Heating Value (Bti/scfd)
Throttle Steam Pressure (psig)
Throttle Steam Temperature (°F)
Exit Gas Temperature (°F)
Throttle Steam flow (lb/hr)

Gas Turbine Qutput (MW)

Steam Turbine Output (MW)

Auxiliary Requirements (MW)

Gasifier Cold Gss Efficiency
Net Electric Generated (MW)
Net Export Steam Flow (1b/hr)
Thermal-to-Electric Ratio

Overall Efficiency

NOTES:

TABLE 3-4

NINKLER INTEGRATED
COMBINED CYCLE PERFORMANCE

Cycle Cycle
_Al A2

940 940
53,600 53,600
53,600 53,600
0 0
2,308 2,308
270 270
885 585
800 700
361 336
352,500 373,700
60.0 60.D
3.7 0
12.0 12.0
0.66 0.66
57.7 48.0
268,000 273,000
1.83 2.01
0.53 0.52

1. Includes both steam and electric driven auixiliaries, except for gas compressor

and feed pump drives.

POPE, EVANS AND ROBBINS

Cycle Cycle
A3 A4
940 1,070
53,600 61,000
53,600 61,000
0 0
z,308 2,626
270 Zio
885 885
800 800
327 327
332,400 378,400
60.0 60.0
3.4 12.1
12.0 13.7
0.66 0.66
51.4 58.4
285,800 325,300
1.96 1.97
0.55 0.55
i 5 o sy, e et st 4
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turbine driven gas compressor frees the steam turbine
capacity for the other auxiliary requirements.

e The combination of char carryover which results in a
lower cold gas efficiency and the high steam requirement
as a gasifier reactant results in a lower efficiency for
the Winkler gasifier cycle.

Results for Fixed Bed Gasifiers
Lurgl Gasifier

A block flow diagram of a Lurgi gasification plant is shown in
Exhibit 3-14., The Lurgi gasifier operates under pressure
(350-450 psi). As with all fixed bed gasifiers, tars and oils
are formed and remain in the gas steam because of the relatively
low gasifier temperature. The heavy tars must be scrubbed
immediately following the gasifier exit. This, combined with
the already low gas exit temperature, precludes any high pres-
sure steam production during gas cooling.

Gasifier properties are assumed as follows:

Pressure (psig) 345
Exit Temperature (°F) 700
Steam Use (1b/1b coal) 2,25
Oxygen Use (1lb/1b coal) 0.4
Jacket Steam (lb/lb coal) 0.8
Tars and Oils (1lb/1lb coal) 0.07
Tars and Oils Heating Vvalue (Btu/lb) 16,440
Cold Gas Conversion Efficiency 0.74

Note that although the gasifier exit temperature is given as
700°F, it is immediately reduced to 370°F following tar scrubb-
ing.

Auxiliary electric requirements to the plant are as follows
{Reference 3-5):

POPE, EVANES AND ROBBINS
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3-33
Oxygen Plant 90 kW/T coal
Oxygen Compressor 60 kW/T coal
Gasifier 25 kW/T coal
Balance of Plant 55 kW/T coal
Total Auxiliaries 230 kW/T coal

A sample heat balance computer model for the Lurgi base combined
cycle plant is shown in Exhibit 3-15. Note the following:

® An additional boiler for supplemental tar and oil firing
was added.

® Low pressure heat from gas cooling is used to peg the
deaerator and to preheat feedwater make-up.

e Steam required as gasification reactant is greater than
the amount produced in the gasifier jacket. This addi-
tional steam is taken from the steam exhaust.

The cases run for the Lurgi base case are summarized below:

1) Main WHRB steam pressure and temperature is 885 psig and
800°F.

2) Next, pressure and temperature are reduced to 585 psig
and 700°F.

3) Then, a low pressure boiler component is added to model
a dual pressure WHRB, Steam throttle pressure was
increased to 885 psig.

4) Finally, tar and oil by-products are combusted in a
separate boiler (340 psig, sat.). Because stack clean-
up for particulates is required for this boiler (see
Section 4.0), the minimum stack gas temperature is set
at 340°F.

POPE, EVANS AND ROBBINS
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The heat and mass balance diagram for the last cycle is shown in .
Exhibit 3-16. Results for all cases are summarized in Table
3-5. Several conclusions may be made from these results: ‘

® The large quantity of high pressure steam required as a
gasification reactant in addition to the lack of high
pressure steam generation in the gas cooling process
penalizes the overall thermal efficiency of the cycle.

e Lowering boiler pressure and temperature alone provide
an increase in the overall efficiency, however, a dual
pressure boiler has a higher efficiency.

e By-product tar and oil supplementary firing signifi-
cantly increases the overall efficiency. However, the
ratio of thermal to electric loads is still lower than
the optimum of 290,000 lb/hr vs. 60 MW.

As a final example in the Lurgi based combined cycle, air-blown
and oxygen-blown gasifers are compared in Table 3~6. The
following observations are made:

e The major difference between the two cases is in the
quantity of steam required by the gasifier as a reaction
moderator. More steam is required for the oxygen-blown
case decreasing the net export steam flow.

e Though an oxygen plant is no longer required, the auxi-
liary power for air compression prior to gasification ‘
increase the total auxiliary requirements leading to a
lower net electric generation.

Woodall-Duckham Gasifier

A block flow diagram of the Woodall-Duckham gasifier is shown in
Exhibit 3-17. The gasifier operates at low pressure. The
Woodall-Duckham differs from other fixed beds in that it is a

POPE, EVANS AND ROBBINS
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Energy Input (106 Btu/br)
Gasifier Oxident Feed (1lb/hr)
Gasifier Steam Feed (lb/hr)
Gasifier Jacket Steam (1b/hr)
Clean Gas Flow Rate (10 scfd/hr)
Clean Gas Heating Value (Btu/scfd)
By-Product Tar and 0ils (lb/hr)
Throttle Steam Pressure (psig)
Throttle Steam Temperature (°F)
Throttle Steam Flow (1b/hr)

Stack Temperature (°F)

Gas Turbine Output (MW)

Steam Turbine Dutput (MW)

Auxiliary Requirements (MW)

Gasifier Cold Gas Efficiency
Net Electric Generated (MW)
Net Export Steam fFlow (1lb/hr)
Thermal-to-Electric Ratio

Overall Efficiency

NOTES:

3-37

TABLE 3-5

LURGI INTEGRATED
COMBINED CYCLE PERFORMANCE

Cycle Cycle Cycle
1 2 3

899 899 899
25,900 25,900 25,900
130,000 130,000 130,000
50,000 50,000 50,000
2,350 2,350 2,350
282 282 282
4,000 4,000 4,000
885 585 885
700 700 800
218,200 233,700 198,600
360 337 326
60.0 60.0 60.0
4.4 2.2 4.0
7.0 7.0 7.0
0.74 0.74 0.74
57.4 55.2 57.0
156,000 172,000 165,500
0.96 1.10 1.02
0.42 0.44 0.43

1. Includes both steam and electric driven auxiliaries, except for feed pump drive.
2. Includes by-products tar and oil fired boiler at 150 psig, sat.

POPE, EVANS AND ROBBINS

Cycle
4

899
25,900
130,000
50,000
2,350
282
4,000
885
800
198,600
32
60.0
4.0
7.0

0.74
57.0
221,500
1.37
0.51
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TABLE 3-6

LURGI INTEGRATED
COMBINED CYCLE PERFORMANCE
AIR BLOWN VS. OXYGEN BLOWN GASIFIER

Oxygen Air

Blown Blown
Energy Input (108 Btu/hr) 899 903
Gasifier Oxident Feed (1lb/hr) 25,900 108,000
Gasifier Steam Feed (lb/hr) 130,000 70,000
Gasifier Jacket Steam (1lb/hr) 50,000 50,000
Clean Gas Flow Rate (103 scfd/hr) 2,350 4,070
Clean Gas Heating Value (Btu/scfd) 282 166
By-Product Tar and Oils (1lb/hr) 4,000 4,000
Throttle Steam Pressure (psig) ' 885 885
Throttle Steam Temperature (°F) 800 800
Throttle Steam Flow (1lb/hr) 198,600 201,400
Gas Turbine Output (MW) 60.0 60.0
Steam Turbine Output (MW) 4.0 4.2
Auxiliary Requirements (MWw) 7.0 12.0
Gasifier Cold Gas Efficiency 0.74 0.74
Net Electric Generated (MW) 57.0 52.2
Net Export Steam Flow (lb/hr) 221,500 337,000
Thermal-to-Electric Ratio 1.37 2,13
Overall Efficiency 0.51 0.64

NOTES:

1. Includes both steam and electric driven auxiliaries,
except for feed pump drives.

2. Includes by-products tar and oil fired boiler at 150
psig, sat.

POPE, EVANS AND ROBBINS
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two-stage gasifier. A portion of the gas is withdrawn from the
vessel immediately following the gasification reaction. The
remainder flows through a distillation retort section where it
heats the descending raw coal. This gas (top gas) leaves the
top of the gasifier at about 250°F. The bottom gas, which is
essentially devoid of any tars and oils leaves at 1200°F.
Because of this arrangement, only the top gas requires tar and
0il removal. Bottom gas can directly enter a heat recovery
boiler.

Gasifier properties were assumed as follows:

Pressure (psig) Atmospheric
Top Gas Exit Temperature (°F) 1200

Bottom Gas Exit Temperature (°F) 250

Steam Use (1lb/lb coal) 0.8

Oxygen Use (1lb/lb coal) 0.5

Jacket Steam (1lb/1lb coal) 0.6

Tars and Oils (1b/1lb coal) 0.05

Ratio of Top/Bottom Gases 1.0

Cold Gas Conversion Efficiency 0.74

Auxiliary power requirements are as follows:

Oxygen Plant 125 kW/ton
Gasifier 20 kW/ton
Balance of Plant 65 kW/ton
Total Auxiliaries 210 kW/ton

The heat balance computer model for the Woodall-Duckham gasifier
is shown in Exhibit 3-18. Note that the gasifier component can
not model a two-stage gasifier. This problem was overcome by
specifying the exit gas temperature at the average of the two
streams and then artificially splitting them into two, then
heating one and cooling the other using heater components. The

POPE, EVANS AND ROBBINS
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cycle performance is summarized in Table 3-7 and a heat and mass
balance diagram is shown in Exhibit 3-19.

Wellman-Galusha Gasifier

A block flow diagram of the Wellman-Galusha gasification plant
is shown in Exhibit 3-20. Due to the lack of experience and
operating data for the oxygen-blown Wellman-Galusha gasifier, we
present the performance of an air-blown plant noting that the
net export steam, thermal-to-electric ratio and overall effi-
ciency of the oxygen-blown plant will be somewhat lower.

The gasifier operates at atmospheric pressures and as with other
fixed bed gasifiers produces a high quantity of tars and oils
that are carried along in the gas stream. These tars and oils
are scrubbed immediately following the gasifier exit. This is
followed by gas quenching. There is no waste heat recovery
step.

Gasifier properties are assumed as follows:

Pressure (psig) Atmospheric

Exit Temperature (°F) 1000

Steam Use (1lb/lb coal) 0.5

Air Feed (1lb/1lb coal) 2.8

Jacket Steam (1lb/lb coal) 0.4

Tars and Oils (1lb/1lb coal) 0.07

Tars and Oils Heating Value 16,440
(Btu/1b)

Cold Gas Conversion Efficiency 0.72

Auxiliary electric requirements are as follows:

Gasifier 120 kW/ton
Balance of Plant , 65 kW/ton
Total 185 kW/ton

POPE, EVANS AND ROBBINS
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TABLE 3-7

WOODALL-DUCKHAM INTEGRATED
COMBINED CYCLE PERFORMANCE

except for feed pump drives.
2. Includes by-product tar and oil fired boiler at 340

psig, sat.

POPE, EVANS AND ROBBINS

A A

Energy Input (10%® Btu/hr) 958
Gasifier Oxident Feed (1b/hr) 38,680
Gasifier Steam Feed (1b/hr) 65,860
Gasifier Jacket Steam (1lb/hr) 50,000
Clean Gas Flow Rate (103 gcfd/hr) 2,666
Clean Gas Heating Value (Btu/scfd) 264
By-Product Tar and Oils (1b/hr) 4,000
Throttle Steam Pressure (psig) 885
Throttle Steam Temperature (°F) 800
Throttle Steam Flow (lb/hr) 232,800
Stack Temperature (°F) 326
Gas Turbine Ouput (MW) 60.0
Steam Turbine Output (MW) 8.9
Auxiliary Requirements (MW) 12.0
Gasifier Cold Gas Efficiency 0.73
Net Electric Generated (MW) 56 .9
Net Export Steam Flow (1lb/hr) 274,600
Thermal-to-Electric Ratio 1.70
Overall Efficiency 0.54
NOTES

1. Includes both steam and electric driven auxiliaries,
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Note the relatively high auxiliary power required by the
gasifier.

The heat balance computer model for the Wellman-Galusha gasifier
corresponding to the optimized Lurgi cycle is shown in Exhibit
3-21. Results are summarized in Table 3-8 and a heat and mass
balance diagram is shown in Exhibit 3-22,

3.5 Cycle Enhancements

In this section we build upon the base case cycle
arrangements studied in the previous section. The following
options are considered:

@ Variable thermal to electric ratio.
® Increased combustion temperature.

We note that combustion temperature is a function of the gas
turbine generator component. The following configurations are
considered to allow for a variation in thermal to electric
ratio:

® Auxiliary coal-derived gas firing in the waste heat
recovery boiler to increase the steam to electric ratio
by adding fuel to the bottoming cycle.

® Varying the gas turbine exhaust back pressure, i.e.,
under-expanding, which increases the exhaust temperature
thereby increasing the quantity of steam generated in
the waste heat recovery boiler.

Both of the above increase the amount of steam generated - the

first by burning more fuel; the second by reducing the electric
generation.

POPE, EVANS AND ROBBINS
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TABLE 3-8

WELLMAN-GALUSHA INTEGRATED e
COMBINED CYCLE PERFORMANCE

Coal Feed (106 Btu/hr)

Gasifier Oxident Feed (1lb/hr)
Gasifier Steam Feed (1lb/hr)
Gasifier Jacket Steam (1lb/hr)
Clean Gas Flow Rate (103 scfd/hr)
Clean Gas Heating Value [(Btu/scfd)
By-Product Tar and Oils (lb/hr)
Throttle Steam Pressure (psig)
Throttle Steam Temperature (°F)
Throttle Steam Flow (1lb/hr)

Stack Temperature (°F)

Gas Turbine Ouput (MW)

Steam Turbine Qutput (MW)
Auxiliary Requirements (MW)

Gasifier Cold Gas Efficiency
Net Electric Generated (MW)
Net Export Steam Flow (1lb/hr)
Thermal-to-Electric Ratio
Overall Efficiency

N :

1. Includes both steam and electric driven auxiliaries,
except for gas compressor and feed pump drives.
2. Includes by-product tar and oil fired boiler at 340

psig, sat.

POPE, EVANS AND ROBBINS

962
208,700 {
36,800 '
30,000
4,502
154
4,000
885

800
231,300
326
60.0
8.0

7.0

0.72
61.0
274,200
1.61
0.55
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Auxiliary Firing

Auxiliary coal gas firing is applied to the Lurgi gasifier in an
effort to improve its performance and increase the steam to
electric ratio. Results are shown in Table 3-9. 1It is apparent
that the significant increase in coal consumption probably does
not warrant such operation.

varying Gas Turbine Back Pressure

The effect of varying gas turbine exhaust pressure for a Koppers
gasifier is shown in Table 3-10. As can be seen raising the
back pressure by 5 psia increases the thermal-to-electric ratio
from 1.98 to 2.74. Note the following:

e In both cases the computer program sets the gas turbine
output at 60 MW. In reality, the gas turbine output
will decrease with a corresponding increase in export
steam flow to a new thermal to electric ratio of 2.74.

® Gas turbine performance was held constant. 1In reality
there will be a slight degradation in performance so
that the ratio of 2.74 will be het at a back pressure
somewhat under 20 psia.

Gas Turbine Inlet Temperature

As pointed out in Section 3.2, the gas turbine cycle efficiency
can be increased by raising the gas turbine inlet temperature.
State-of-the-art turbine blades limit the gas temperature to
roughly 2000°F A considerable effort is currently being under-
taken to increase this limit. Goals of the program are to reach
turbine inlet temperatures of 2600°F.

The effects of gas turbine inlet temperature on the combined
cycle performance are shown in Table 3-11. For use in an indus-
trial cg/cc system, the performance improvements to be obtained
from these higher temperatures are not significant enough to
warrant awaiting their development. Note that this would not

POPE, EVANS AND ROBBINS
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TABLE 3-9

LURGI GASIFIER PERFORMANCE
WITH AUXILIARY FIRING

Energy Input (106 Btu/hr)
Gasifier Oxygen Feed (lb/hr)
Gasifier Steam Feed (1lb/hr)
Gasifier Jacket Steam (1lb/hr)
Clean Gas Flow Rate (103 scfd/hr)
Clean Gas Heating Value (Btu/scfd)
By~Product Tar and Oils (lb/hr)
Throttle Steam Pressure (psig)
Throttle Steam Temperature (°F)
Throttle Steam Flow (1lb/hr)

Gas Turbine Qutput (MW)

Steam Turbine Output (MW)
Auxiliary Requirements (MW)

Gasifier Cold Gas Efficiency
Net Electric Generated (MW)
Net Export Steam Flow (lb/hr)
Thermal-~to-Electric Ratio
Overall Efficiency (%)

——

OTES:

Z

1. Includes both steam and electric driven auxiliaries,

except for feed pump drives.

2. Includes by-products tar and oil fired boiler at 340

psig, sat..

Base

Case
899
25,900
130,000
50,000
2,350
282
4,000
885
800
198,600
60

.74

57
221,500
1.37
.51

POPE, EVANS AND ROBBINS

Auxiliary

Firing

1,092
29,600
167,000
60,000
2,870
282
4,850
885

800
320,800
60

7.3

8.5

.74
58.8
348,400
2.09
.56
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EFFECT OF GAS TURBINE EXHAUST PRESSURE
KOPPERS GASIFIER

Energy Input (106 Btu/hr)
Gasifier Oxygen Feed (1b/hr)
Gasifier Steam Feed (1lb/hr)
Gasifier Jacket Steam (1lb/hr)

TABLE 3-10

Clean Gas Flow Rate (103 scfd/hr)
Clean Gas Heating Value (Btu/scfd)

Throttle Steam Pressure (psig)

Throttle Steam Temperature (°F)

Throttle Steam Flow (lb/hr)
Stack Outlet Temperature (°F)
Gas Turbine OQutput (MW)

Steam Turbine Output (MW)
Auxiliafy Requirements (MW)

Gasifier Cold Gas Efficiency
Net Electric Generated (MW)
Net Export Steam Flow (lb/hr)
Thermal-to-Electric Ratio
Overall Efficiency (%)

NOTES :

1. 1Includes both steam and electric driven auxiliaries,

15 psia

902
47,100
15,000
22,000

2,350

290

885

800

313,900

327

60
10.1
13

.75
57.1
321,100
1.98
.64

except for gas compressor and feed pump drives,

POPE, EVANS AND ROBBINS

20 psia
1,136
59,300
19,000
24,000
2,960
290

885

800
323,900
325

60

14.5
16.4

.75
58.1
452,000
2.74
.65
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TABLE 3-11

INTEGRATED COMBINED CYCLE PERFORMANCE
EFFECT OF GAS TURBINE INLET TEMPERATURE

Energy Input (108 Btu/hr)
Gasifier Oxygen Feed (lb/hr)
Gasifier Steam Feed (lb/hr)
Gasifier Jacket Steam (1lb/hr)
Clean Gas Flow Rate (10 gcfd/hr)
Clean Gas Heating Value (Btu/scfd)
Throttle Steam Pressure (psig)
Throttle Steam Temperature (°F)
Throttle Steam Flow (lb/hr)

Gas Turbine Output (MW)

Steam Turbine Output (MW)

Auxiliary Requirements (MW)

Gasifier Cold Gas Efficiency
Net Electric Generated (MW)
Net Export Steam Flow (1b/hr)
Thermal-to-Electric Ratio
Overall Efficiency (%)

NOTES:

1700°F

935
48,800
15,600
23,000

2,435

290

885

800

260,000
60.0
8.8
13.5

0.75
55.3
301,000
1.92
0.58

2000°F 2300°F
(Base)

902 889
47,100 46,400
15,000 14,800
22,000 21,000

2,350 2,315

290 290

885 885

800 800

313,900 330,000
60.0 6n.0
10.1 10.5
13.0 13.0
0.75 0.75
57.1 57.5

321,100 335,600
1.98 2.06
0.64 0.67

1. Includes both steam and electric driven spuxiliaries, except for gas compressor

and feed pump drives.

POPE, EVANS AND ROBBINS

2600°F

886
46,200
14,600
20,000

2,306

290

885

800

349,900
60.0
1.3
13.0

0.75
346,000

2.09
0.69
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apply for utility applications where high exhaust gas tempera-
ture and other cycle enhancements such as steam reheat would

combine to increase efficiency.

3.6 Cycle Performance Summary and Conclusions

Cycle performance evaluations were carried out for the
six commerically available gasifiers., Base case comparisons for
a 60 MW gas turbine are shown in Table 3-12. The following
conclusions can be made:

® the entrained bed gasifiers have higher overall effi-
ciencies than the fixed and fluidized bed gasifiers.

e the fixed bed provides comparatively small steam flows
for cogeneration; with the two-stage Woodall-Duckham
gasifier performing better than the single-stage Lurgi.
This is primarily due to the low waste heat recovery in
the gas cooling stage and the high quantity of steam
required as a gasifier reactant.

e the fluidised bed with its carbon carryover and char
formation has a high coal use,.

o the cycle configuration with the highest overall effi-
ciency for all gasifiers includes a dual pressure boiler
for maximizing waste heat recovery.

o for atmospheric gasifiers where gas compression is
required, a gas driven gas compressor allows for a
better match between the gas and steam turbine outputs.

e the Texaco gasifier has the highest overall efficiency,

and as shown in Exhibit 3-23, its thermal-to-electric
ratio best matches the base requirements.

POPE, EVANS AND ROBBINS
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Energy Input (10® Btu/hr)
Annual Coal Use (tons)!

Net Electric Generated (MW)
Net Export Steam Flow (1b/hr
Thermal-to-Electric Ratio
Overall Efficiency (%)

Hest Rate (Btu/kWh)

NOTES:

TABLE 3-12

INTEGRATED COMBINED CYCLE
PERFORMANCE SUMMARY

Woodall- Wellman.>
Lurgi Duckham Galusha Winkler
899 958 962 1,070
320,400 341,400 342,800 381,300
57.0 56.9 61.0 58.4
221,500 274,600 274,200 325,300
1.37 1.70 1.61 1.97
51 54 55 55
6,690 6,320 6,210 6,210

1. Standard coal at 12,290 Btu/lb; 100% availablilty.

2. Includes by-products, tar and oil, fired in a beiler at 340 psig, saturated.

3. Air-blown gasifier.

POPE, EVANS AND ROBBINS

CUa v A v i e

Koppers-

Totzek Texaco
902 865
321,500 308,300
57.1 56.2
321,100 330,100
1.98 2.07
64 68
5,330 5,020
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INTEGRATED COAL GASIFICATION/COMBINED CYCLE
THERMAL TO ELECTRIC LOAD RATIO

/m—y

o™= . T I
BASE LURGI WOODALL WELLMAN WINKLER KOPPERS TEXACO

POPE, EVANS AND ROBBINS

IIIIIIII



In addition, a significant number of cycle improvements were

assessed. These included:

e improvements to fixed bed gasifier performance by
providing auxiliary coal gas firing; results indicate
that the significant increase in coal consumption
probably does not warrant such operation.

e effects of combustion inlet temperature for the gas
turbines; the performance improvements at temperatures
up to 2600°F are not significant for industrial-based
cg/cc systems.

® variations in gas turbine back pressure, i.e., under-
expanding to maintain high exhaust temperatures and
thereby increasing steam output; such back pressure
control can provide a significant means for varying
system thermal-to-electric ratio.

For generic performance and sizing purposes, we have developed
unit output curves for the gas turbine, steam turbine and net
electric output, steam export, overall efficiency, and thermal-
to-electric ratio. These results, all on a unit ton of coal
basis, are shown in Exhibits 3-24 through 3-28, using a typical
atmospheric entrained bed gasifier. From this we may observe
the significant effects of back pressure control,

POPE, EVANS AND ROBBINS

e PR



EFFECT OF COMBUSTION TEMPERATURE AND GAS
TURBINE BACKPRESSURE ON TURBINE QUTPUT

2000

i T 1609

U

Ry |

L e ” GAS TURBINE QUTPUT

Np 1260

Ee

o R

U
| T T go0

0

PN
{ u
: T STEAM TWRBINE OUTPUT _ __ ____.
. L B
?
: L I T I
i 1700 2600 2300 2669
i 15 PSIA

------ 28 PSIA COMBUSTION TEMPERATURE
DEGREES FAHRENHETT

‘-‘“’ p————

EXHIBIT 3-24
FPOPE. EVANS AND ROBBINS

——— — el

[ TSSO




EFFECT OF COMBUSTION TEMPERATURE AND GAS
TURBINE BACKPRESSURE ON NET ELECTRIC OUTPUT
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EFFECT OF COMBUSTION TEMPERATURE AND GAS
TURBINE BACKPRESSURE ON STEAM EXPORT
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EFFECT OF COMBUSTION TEMPERATURE AND GAS
TURBINE BACKPRESSURE ON OVERALL EFFICIENCY
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EFFECT OF COMBUSTION TEMPERATURE AND GAS

TURBINE BACKPRESSURE ON THERMAL TO ELECTRIC RATIO
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